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Abstract. In this study the climatic and hydrological trends
across 88 sub-basins of the Ebro River basin were analyzed
for the period 1950–2006. A new database of climate in-
formation and river ﬂows for the entire basin facilitated a
spatially distributed assessment of climate-runoff relation-
ships. It constitutes the ﬁrst assessment of water yield evo-
lution across the whole Ebro basin, a very representative ex-
ample of large Mediterranean rivers. The results revealed
a marked decrease in river discharges in most of the sub-
basins. Moreover, a number of changes in the seasonality
of the river regime was found, resulting from dam regula-
tion and a decrease in snowpack in the headwaters. Signiﬁ-
cant and positive trends in temperature were observed across
most of the basin, whereas most of the precipitation series
showed negative coefﬁcients, although the decrease in mag-
nitude was low. The time evolution of the residuals from em-
piricalmodelsthatrelateclimateandrunoffineachsub-basin
provided evidence that climate alone does not explain the ob-
served decrease in river discharge. Thus, changes in water
yield are associated with an increase in evapotranspiration
rates in natural vegetation, growth of which has expanded as
a consequence of land abandonment in areas where agricul-
tural activities and livestock pressure have decreased. In the
lowlands of the basin the decrease in water yield has been ex-
acerbated by increased water consumption for domestic, in-
dustrial and agricultural uses. Climate projections for the end
of the 21st century suggest a reduced capacity for runoff gen-
eration because of increasing temperature and less precipita-
tion. Thus, the maintenance ofwatersupplyunderconditions
of increasing demand presents a challenging issue requiring
appropriate coordination amongst politicians and managers.
Correspondence to: J. I. L´ opez-Moreno
(nlopez@ipe.csic.es)
1 Introduction
Mountains play a critical role in water resources availabil-
ity in lowland areas of drainage basins. Altitudinal gradients
in temperature and precipitation ensure that headwaters re-
ceive more precipitation and have lower evapotranspiration
rates than adjacent lowlands (Viviroli et al., 2004; De Jong et
al., 2009; L´ opez and Justrib´ o, 2010). Moreover, in mountain
regions at high and mid latitudes a large amount of precip-
itation falls as snow, which is stored frozen in winter. The
melting of snow during spring causes high river ﬂows, even
in areas where climate exhibits high interannual variability
(L´ opez-Moreno et al., 2004; Barnett et al., 2005).
In Mediterranean areas there is great dependence on water
from mountains, representing a between a 20 and a 90% of
the total runoff (Vivirioli et al., 2007). Basins with headwa-
ters covered by snow in winter produce high ﬂows in spring
and early summer, which helps to meet agricultural and wa-
ter availability needs independently of the spring climate.
Nonetheless, water management in the Mediterranean region
is difﬁcult as water is a scarce resource but a key element in
ensuring the development of irrigation agriculture, increased
populations, improved living standards, industry and tourism
activities (Cudennec et al., 2007). In this context water re-
sources generated in mountains are under increasing pressure
because of constantly increasing demand. For instance, the
expansion of irrigated areas and urbanization in dry parts of
Spain has increased water supply difﬁculties and caused as-
sociatedpoliticalandsocialconﬂicts(Ib´ a˜ nezandPrat, 2003).
Under such conditions the rising demand for water is met by
increasingly expensive and complex infrastructure necessary
to store seasonal or annual water surpluses in reservoirs, to
transfer the water from storage sites, generally in the moun-
tains, to areas of demand, and to pump groundwater reserves
(Croke et al., 2000). Unfortunately, large infrastructure de-
velopments during the 20th century were built on the basis
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Fig. 1. Study area. (a) relief of the Ebro River basins and main
tributaries of the Ebro River. (b) Gauging station network, and areas
included as Pyrenean headwaters (in grey color).
thatwateravailabilitywouldremainroughlystableovertime,
despite the occurrence of short-term oscillations in supply.
However, there is clear evidence of a change in long-term
climatic trends that is affecting the environment of Mediter-
ranean mountains (Giorgi and Lionello, 2008), and changes
in land cover have produced marked alterations in hydrolog-
ical responses at the basin scale (Andr´ eassian, 2004).
Climate projections for the coming decades point to
warmer conditions over most of the Mediterranean moun-
tains region (Giorgi, 2006), a marked decrease in snow ac-
cumulation and the duration of snow cover (L´ opez-Moreno
et al., 2009a), and a generalized decrease in precipitation
(Ragab and Prudhomme, 2002; Giorgi and Lionello, 2008),
although the latter prediction is associated with large spa-
tial and seasonal variations (L´ opez-Moreno et al., 2008a and
references therein; Nogu´ es-Bravo et al., 2008) and substan-
tial uncertainty. Moreover, large areas are likely to con-
tinue to be subject to major land use and land cover changes,
which in the Mediterranean region are mostly characterized
by increasing vegetation in headwaters, as a consequence
of land abandonment during the 20th century (Debussche et
al., 1999; Beguer´ ıa et al., 2003; Lasanta et al., 2005).
Increasing efforts are being made to quantify and under-
stand the consequences of environmental change for the hy-
drological response of mountain areas, and to assess its im-
pact in the lowlands. This may improve the capacity to op-
timize water use and enhance preparedness for future chal-
lenges in water management. In this study climatic and
hydrological trends across the Ebro basin (northeast Spain)
were analyzed. Changes in the runoff coefﬁcients of 88 sub-
basins of the Ebro River were used to investigate the evolu-
tion of water yield since 1950, which enabled assessment of
whether trends in runoff are driven by climatic factors, by the
land cover changes that have occurred in the basin, or both.
The Ebro basin is representative of Mediterranean basins
that depend on water generated in mountain areas (mainly
the Pyrenees), and are subject to enormous pressure on wa-
ter resources because of the development of large irrigation
areas and industrial zones, and the growth of major urban
settlements. Previous studies have identiﬁed climate varia-
tions and revegetation in headwaters as causes of decreasing
river ﬂows in Pyrenean rivers (Beguer´ ıa et al., 2003; L´ opez-
Moreno et al., 2008b).
The availability of newly developed climate and river ﬂow
databases for the Ebro basin enabled us to conduct the ﬁrst
spatially distributed analysis to climate-runoff relationships,
and to identify those sectors for which environmental change
may have the most signiﬁcant consequences for water avail-
ability in the basin. The results are discussed in the context
of climatic and environmental projections for the region in
coming decades.
2 Study area
The study area comprises about 83000km2 in the northeast
of Spain and has very contrasting relief (Fig. 1a). The main
unit is the Ebro Valley, which is a depression surrounded by
high mountain ranges including the Cantabrian Range and
thePyreneestothenorth(maximumelevationsabove3000m
a.s.l.), the Iberian mountains to the south (maximum eleva-
tions 2000–2300m), and the Coastal Range to the east (max-
imum elevations 1000–1200m a.s.l.). The latter parallels the
Mediterranean coast and abruptly encloses the Ebro Valley.
The heterogeneous topography, contrasting inﬂuences of
Atlantic and Mediterranean conditions, and the inﬂuence of
various large scale atmospheric patterns, like the North At-
lantic Oscillation, the Mediterranean Oscillation and West-
ern Mediterranean Oscillation (Vicente-Serrano and L´ opez-
Moreno, 2006; Vicente-Serranoetal., 2009), generateacom-
plex spatial distribution of climate parameters. Large varia-
tions in precipitation and evapotranspiration occur through-
out the region (Ninyerola et al., 2005; Vicente-Serrano
et al., 2007), and annual precipitation varies from 307 to
2451mmyr−1. Most of the precipitation falls in autumn and
spring, although in some areas the maximum precipitation
occurs in winter and summer (L´ opez-Moreno et al., 2008b).
Average annual temperature varies from 0.8 to 16.2 ◦C.
The humid conditions in these mountainous areas, espe-
cially the Pyrenees, are in stark contrast to the dry character-
istics of large areas of the Ebro River valley, emphasizing the
importance of hydrology and water resources throughout the
study region. For example, the headwaters of Pyrenean rivers
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considered in this study (Fig. 1; the Irati, Arag´ on, Gallego,
Cinca, ´ Esera, Noguera Ribagorzana, N. Pallaresa and Segre
rivers) occupy 11% of the surface of the Ebro valley, but
generate 56% of the total runoff (mean value for the period
1950–2005). A recent paper of L´ opez and Justrib´ o (2010)
analysed several Pyrenean headwaters concluding that pre-
cipitation, the speciﬁc runoff, and the runoff coefﬁcient were
all greater in the mountains than in the adjacent lowlands,
with respective differences of 70%, 180% and 60%. The
relative abundance of water in the area led to the construc-
tion of numerous dams to regulate the main rivers, which
markedly altered river regimes and reduced ﬂood occurrence
(L´ opez-Moreno et al., 2002). Most of the dams were built
between the 1950s and the 1980s, leading to an increase in
storage capacity from 500 to 3000hm3; this represents ap-
proximately half of the mean annual runoff of the Pyrenean
rivers. This capacity enables the diversion of 1947hm3 yr−1
to irrigate 295748ha of land (77% of the irrigated area of
the Ebro basin) and the generation of 62% of the hydropower
produced in the region (L´ opez-Moreno, 2006).
Until the middle of the 20th century most of the south fac-
ing slopes below 1600ma.s.l. were cultivated. The main hy-
drological and geomorphological consequences of this were
an intensiﬁcation of soil erosion processes and an increase
in the torrential nature of ﬂuvial channels (Garc´ ıa-Ruiz and
Valero-Garc´ es, 1998). For this reason most of the rivers
are braided and have unstable channels. The subsequent
abandonment of farmland, associated with depopulation, has
been the most outstanding feature of the Spanish Pyrenees
(Beguer´ ıa et al., 2003; Lasanta et al., 2005; L´ opez-Moreno
et al., 2008), and by 1970 all the ﬁelds on hillslopes had
been abandoned. These areas were then recolonized by
shrubs, and induced afforestation took hold in many areas
that were previously cultivated and grazed (Vicente-Serrano
et al., 2004). As in the Pyrenees, generalized land abandon-
ment and subsequent revegetation processes have occurred in
all the mountainous areas that enclose the Ebro basin (Las-
anta et al., 2006). Indeed, based on estimates of the evolution
ofthespringnormalizeddifferencevegetationindex(NDVI),
derived from NOAA satellite imagery (8 km spatial resolu-
tion) since 1981, more than 45% of the surface area has been
affected by a statistically signiﬁcant increase in the vegeta-
tionindex, whichisrelatedtotheincreaseinvegetationcover
and its physiological activity (Nogu´ es et al., 2010).
3 Data and methods
Climate trends were analyzed from monthly series of pre-
cipitation (429) and temperature (55) from observatories lo-
cated within the Ebro basin or in its immediate surroundings.
The series were obtained through a process that included
reconstruction, gap ﬁlling, quality control and homogeniza-
tion testing with independent reference series (see Gonz´ alez-
Hidalgo et al., 2009).
The river ﬂow evolution at 88 gauging stations managed
by the Ebro Water Management Agency (Confederaci´ on
Hidrogr´ aﬁca del Ebro, CHE) was analyzed. In terms of cli-
mate data there is a reasonable spatial coverage the entire
Ebro basin (Fig. 1b). Despite the meteorological stations are
evenly distributed, the highest sectors of the mountain areas
remain poorly represented. This lack of observations at high
altitude prevents us from reaching solid conclusions about a
potential dependence of climatic evolution to elevation. The
criteria for selection of a gauging station was that the series
had commenced by 1950, encompassed at least 30 complete
years, and any data gaps were able to be ﬁlled using data
from neighboring gauging stations with which there was a
Pearson-correlation coefﬁcient of at least r =0.80.
To assess the evolution of temperature and precipitation
in a spatially distributed fashion, monthly distributed lay-
ers from 1950 to 2006 at a resolution of 1km2 were created
by interpolating values from the various observatories. For
this purpose we used multiple linear regression, in which a
number of geographic (latitude and linear distances to the
Mediterranean Sea and the Atlantic Ocean) and topographic
(elevation) parameters were used as predictors of monthly
temperature and precipitation (Daly et al., 1994, 1997; Ag-
new and palutikof, 2007). The residuals (the difference be-
tween the climatic variable measured at each weather station
and the value predicted by the model) were subsequently ob-
tained for each observatory and interpolated over the study
area using local techniques (see Ninyerola et al., 2000 for
more details). This procedure enabled us to make analyses
for individual catchments, as opposed to a more conventional
analysis based on station values.
The distributed monthly layers obtained were aggregated
into annual and seasonal series, and trend analyses for the
period 1950–2006 were conducted in two ways: (i) for each
1km2 cell of the study area, and (ii) for the sum of precipita-
tion and average temperature for the area drained at each of
the 88 gauging stations. Trend analyses for the same period
were also conducted for annual and seasonal river discharges
and the runoff coefﬁcient (water yield), which was deﬁned as
the ratio of precipitation to river discharge in each sub-basin.
We used the nonparametric Mann-Kendall (MK) test to as-
sess the sign, strength and signiﬁcance of the evolution of the
hydroclimatic series. This test has been widely used to detect
trends in climatic and hydrological series (e.g. Hirsch et al.,
1982; Sneyers et al., 1990; Yue et al., 2002a). Autocorrela-
tion in the data series was removed prior to application of the
MK test; the occurrence of serial correlation can increase the
probability that the MK test detects a signiﬁcant trend (von
Storch, 1995). Although most studies assume that climatic
dataareseriallyindependent, ithasbeenshownthatsomehy-
drological variables, including mean and minimum stream-
ﬂows, can exhibit signiﬁcant serial correlation (Yue et al.,
2002b). To remove serial correlation the TFPW (trend-free
pre-whitening) procedure developed by Yue et al. (2002b)
was applied to our monthly river discharge series. The MK
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test was then performed on the correlation-free series. Based
on the sign of the trend (MK’s tau) and the level of signiﬁ-
cance (α; probability of rejecting the null hypothesis i.e. no
trend in the data) we classiﬁed the series into 5 groups, fol-
lowing the procedure of Westmacott and Burn (1997):
- SIT (strong increasing trend): tau≥0 and α ≤0.05
- MIT (moderate increasing trend): tau≥0 and 0.05>
α ≤0.10
- NST (non signiﬁcant trend): α >0.10
- MDT (moderate decreasing trend): tau<0 and 0.05>
α ≤0.10
- SDT (strong decreasing trend): tau<0 and α ≤0.05
The methodology proposed by Beguer´ ıa et al. (2003) was
used to infer the potential impact of land use changes on
runoff generation in the various sub-basins of the Ebro basin.
The method is based on removing the inﬂuence of the two
mostinﬂuentialclimaticparameters(temperatureandprecip-
itation) from the annual river discharge series. Obviously, the
selection of temperature and precipitation to synthesize cli-
matic variability is a simpliﬁcation of the reality since other
variables like air humidity, wind speed or solar radiation may
also affect the evaporation rates. However, the lack of long-
term records of the aforementioned variables, and the as-
sumed capability of combined precipitation and temperature
to summarize the water balance at the basin scale at seasonal
and annual basis (Droogers and Allen, 2002), prevented us
to use more complex approaches in this study. The removal
of climatic inﬂuence from runoff series was done using step-
wise linear regression models for each sub-basin. The inde-
pendent variables were the sum of annual precipitation and
mean temperature of the area drained at each gauging sta-
tion. The annual runoff in each sub-basin was the dependent
variable. Series of residuals were evaluated to assess whether
they exhibited signiﬁcant trends. The occurrence of a signif-
icant trend suggested that water yield had changed in time
independently of the evolution of climatic conditions. Given
that most of the factors that explain hydrological evolution
(except climate) remain stationary in time (e.g. lithology) or
change slowly (e.g. soil depth or soil characteristics), only
the intense changes in land cover and vegetation occurred in
the region in the last decades can explain the observed trends
in water yield. This premise is only valid in basins where
human activities are moderate and do not affect interannual
hydrological behavior (pluriannual reservoirs, or diversions
to agricultural areas or large urban settlements). Hence, this
premise will apply in headwater catchments, whereas in the
lower reaches of the Ebro River the trends in residuals may
also be due to water consumption by cities and for agricul-
tural activities.
The potential impacts of climate change in the Ebro basin
where analyzed using simulations of temperature and pre-
cipitation for the period 1960–2080 under emissions sce-
nario A1B1 (moderate greenhouse gases emissions) from
the HIRHAM5 model (Danish Meteorological Institute) at
a spatial resolution of 25km2. Simulations were down-
loaded from the ENSEMBLES EU-funded project (http://
ensembles-eu.metofﬁce.com/). Changes in annual and sea-
sonal temperature and precipitation were calculated by sub-
tracting the long-term means of the time slice 1960–1990,
to 2021–2050 and 2051–2080. Selection of this model was
based on its ability to reproduce temperature and precip-
itation over the Pyrenees and the center of the Ebro val-
ley. Moreover, it was compared with a set of regional cli-
mate model projections from the PRUDENCE dataset, as
this model is representative of the mean sign and magnitude
of the multimodel ensemble average (L´ opez-Moreno et al.,
2008a).
4 Results
4.1 Trends in climatic and hydrological variables
Figure 2 shows the trend of annual and seasonal precipita-
tion across the Ebro basin during the studied period (1950–
2006). The evolution of precipitation shows that annual pre-
cipitation wasgenerally stable across most of the basin. Most
of sub-basins exhibit negative MK tau coefﬁcients, and any
place has shown an upward trend. However, only a few small
areas exhibited a statistically signiﬁcant decrease (α <0.05).
Only two small sub-basins in the northwest of the Ebro basin
showed a moderate but signiﬁcant decrease. Autumn was
associated with a signiﬁcant increase in precipitation in the
east of the basin, with many sub-basins affected by moder-
ate or large increases. However, the total precipitation for
the area draining to the outlet gauging station did not show
a signiﬁcant trend. Negative but generally nonsigniﬁcant co-
efﬁcients were found for broad areas during winter and sum-
mer. Only a few sub-basins, generally to the west, showed
signiﬁcant negative trends. A relatively stationary behavior
was observed for spring precipitation. No clear changes in
precipitation have been observed in spring.
The trends in temperature are shown in Fig. 3. Annual
temperature showed a signiﬁcant increase over most of the
Ebro basin. The majority (86/88) of the areal sub-basin aver-
ages exhibited moderate or large increases (a mean increase
of 0.2 ◦C per decade for the entire basin). The MK tau values
indicate that warming has been more intense in the north of
the study area (more than 0.3 ◦C per decade), severely affect-
ing most of the Pyrenean basins and the westernmost sec-
tors. On a seasonal basis, temperatures in summer showed
the largest increase (average 0.34 ◦C per decade). The winter
temperature has increased across most of the Pyrenees, af-
fecting all of the headwater basins, but has remained stable or
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Fig. 2. Trend of annual and seasonal precipitation for the Ebro basin
during the studied period (1950–2006). The color scale shows the
Mann-Kendall tau coefﬁcients for each 1km2 cell. The symbols
show the sign of the trend for total precipitation in the area drained
at each of the 88 gauging stations.
has become slightly colder in some areas in the center of the
Ebro valley. Spring temperatures have increased markedly
in the northeast of the study area, and signiﬁcant increases
havealsooccurredthroughoutthePyreneesandinlargeareas
of the Ebro Depression. In the southernmost areas tempera-
ture has remained practically unchanged. In autumn, smaller
areas and fewer basins have been affected by warmer tem-
peratures. However, the temperature in some basins of the
Pyrenees has increased substantially.
The temporal evolution of river discharges (Fig. 4) is in
stark contrast to that of precipitation. Thus, a large decrease
(p <0.05) was observed at the majority of gauging stations
(55/88), ﬁve stations showed a moderate decrease, and 23
hadnegativebutnonsigniﬁcantcoefﬁcients. Onlyattwosites
was an upward trend recorded, possibly as a consequence
of human interference with the river ﬂows. Discharges at
observatories at the outlet of the basin showed a large de-
crease, indicating that a statistically signiﬁcant decrease in
river ﬂows has occurred in the Ebro basin. Although there
Fig. 3. Trend of annual and seasonal temperature for the Ebro basin
during the studied period (1950–2006). The color scale shows the
Mann-Kendall tau coefﬁcients for each 1km2 cell. The symbols
show the sign of the trend for the average temperature in the area
drained at each of the 88 gauging stations.
was no clear pattern in the spatial distribution of stationary
hydrological records, most of the gauging stations without
signiﬁcant trends are located in the lower reaches of several
tributaries in the eastern Pyrenees.
Winter differed from the other seasons in terms of tempo-
ral evolution. Many of the gauging stations in the headwaters
in the Pyrenees and the Iberian mountain did not show signif-
icant trends, suggesting an increase in the ratio of rainfall to
snowfall. Most of the negative trends were found to the west
and south of the Ebro basin. The evolution of discharges dur-
ing summer also differed from the evolution observed on an
annual basis, and also from the climatic evolution. Thus, sev-
eral gauging stations in the east of the basin, and also in the
lowerreachesofthePyreneantributariesandthemainstream
of the Ebro River did not show signiﬁcant trends. The evo-
lution during spring and autumn exhibited a similar trend to
annual values, with negative and statistically signiﬁcant MK
tau coefﬁcients at the majority of gauging stations.
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Fig. 4. Temporal evolution of river discharges.
4.2 Trends in water yield and its relationship to climate
and land cover evolution
Figure 5 shows the results of application of a stepwise linear
regressiontopredictionofannualrunofffromannualtemper-
ature and precipitation over the 88 sub-basins analyzed in the
Ebro basin. Figure 5a shows the coefﬁcient of determination
for each regression, which indicates the variance explained
by each climatic variable. As expected, there was large vari-
ability (12–73%) across the basin with respect to the inﬂu-
ence of climate on the interannual evolution of discharge.
Headwaters typically exhibited the greatest explained vari-
ance, being the coefﬁcients of determination punctually re-
duced in gauging stations located in lower reaches of the
Pyrenean tributaries and in the south and west of the basin,
mainly due to dam operations and ﬂow diversions for agri-
cultural purposes. Nonetheless, the large scale nature of this
study explained the occurrence of numerous exceptions as a
consequence of uncertainties inherent in modeling monthly
climatic layers, the regression model, and the unique cir-
cumstances of the various gauging stations (potential water
diversions or inﬂows). The coefﬁcients of regression (data
not shown) indicated that precipitation is a much more in-
ﬂuential driver of runoff variability, explaining 8–72% of the
Fig. 5. Results of the application of a stepwise linear regression for
predicting annual runoff from annual temperature and precipitation
over the 88 sub-basins analyzed in the Ebro basin. 5a: the coefﬁ-
cientofdeterminationforeachsub-basin. (b)trendsintheevolution
shown by residuals in each sub-basin.
variance for the 88 gauging stations (mean value 46%); tem-
perature explained a maximum of 18% of the variance (mean
value 4%). In 40 sub-basins, temperature was not included
as a signiﬁcant variable. Figure 5b shows the signs and mag-
nitude of the trend in the series of model residuals, i.e. the
evolution of runoff series after the inﬂuence of climate had
been removed. In 70 sub-basins there were large or moderate
negative MK tau coefﬁcients.
Based on the results presented above it is evident that the
runoff coefﬁcient has declined signiﬁcantly in most of the
sub-basins of the Ebro River. A generalized decrease in river
ﬂows during a period when precipitation has not changed in a
signiﬁcant manner can only be explained by a decrease in the
water yield in the basin. Thus, the runoff coefﬁcient reﬂects
a spatial pattern that is even more marked than that observed
for discharge (Fig. 6), involving a generalized decrease in
water yield across the Ebro River basin (55 strong trends and
7 moderate trends). The seasonal patterns were practically
identical to those found for trends in river discharges.
Although a decrease in river discharge and water yield has
affected large areas of the Ebro basin, the consistent changes
observed in the majority of the Pyrenean basins is of par-
ticular concern. These are the main contributors to the total
discharge of the Ebro River and, although not statistically
signiﬁcant, were shown to have received decreased precipi-
tation and undergone a marked increase in temperature and
water yield.
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Fig. 6. Temporal evolution of runoff coefﬁcient (water yield).
Figure 7 shows the annual runoff from Pyrenean headwa-
ters ( between the Iraty and Segre rivers, see Fig. 1), the Ebro
discharge in its lower reaches (Tortosa station) very close to
the Mediterranean Sea (lower panel), and the evolution of the
ratio between both series (upper panel). The annual series for
the Pyrenean basins and the lower Ebro River showed statis-
tically signiﬁcant decreases, but it was more pronounced in
the latter. Thus, there has been a marked increase in the ratio
between the series. At the beginning of the analyzed period
the Pyrenean discharges represented approximately 40% of
that of the lowest gauging station of the basin, but during
the last 20 years this has consistently exceeded 60%. The
lower Ebro River reﬂects the effects of a marked loss in water
yieldcapacityinthePyrenees, themajorconsequencesofcli-
mate trends and land cover changes in other mountain areas
including the Iberian mountains and the Cantabrian range,
and an increase over time in the water consumed by large
urban settlements (i.e. Zaragoza) and the irrigation areas of
the Ebro Depression. Thus, the Ebro basin has an increasing
dependence on the Pyrenees for water supply, but the latter
is showing a decrease in its water yield capacity.
Fig. 7. Annual runoff from Pyrenean headwaters and the discharge
of the Ebro River in its lower reaches (lower panel). Evolution of
the ratio between the series (upper panel).
4.3 Climate change projections for the Ebro basin
Figures 8 and 9 show the changes in temperature and precip-
itation, respectively, projected by the HIRHAM5 model un-
der the A1B1 emissions scenario for two time slices (2021–
2050 and 2051–2080) compared with the 1960–1990 period.
Figure 8 shows that a generalized increase in temperature is
expected for the Ebro basin during this century. On an an-
nual basis, warming is expected to be more intense in the
Pyrenees and Iberian mountains, especially in the central and
eastern areas where temperatures may increase 1.5–2 ◦C in
the 2021–2050 time slice and up to 4 ◦C in the 2051–2080
period. The greatest increase in temperature is projected for
spring and summer. In all seasons the mountainous areas
(Pyrenees and Iberian mountains) will be most affected by
warming, which may reach 2.5 ◦C and 5 ◦C in each of the
time slice periods, respectively. Warming trends in autumn
are lower, and winter is projected to be the period with the
smallest temperature increase, which in the Pyrenees will be
1–1.5 ◦C in the 2021–2050 time slice and 2–2.5 ◦C in the
2051–2080 time slice. Nonetheless, such changes have been
shown to be sufﬁcient to signiﬁcantly alter snow accumula-
tion patterns in the Pyrenees (L´ opez-Moreno et al., 2009).
A moderate decrease in precipitation is expected to occur
in the basin (Fig. 9), and to be particularly pronounced in the
east of the study area. For the 2021–2050 period the changes
are expected to be small and largely involve areas in the west
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Fig. 8. Projected changes in temperature under the HIRHAM5
model (A1B emission scenario) for the time slices 2021–2050 and
2051–2080 compared with the 1960–1990 period.
of the basin, which may receive a slight increase in precipi-
tation. For the period 2051–2080 a decrease that may occa-
sionally exceed 30% in the eastern part of the basin is pre-
dicted to occur; further westward the decrease will be pro-
gressively less pronounced. The greatest seasonal decreases
in precipitation are expected to occur in autumn and spring,
and to show the same eastward spatial pattern to that of an-
nual precipitation values. Summer precipitation is expected
to undergo small changes for the period 2021–2050, but is
projected to decrease more rapidly by the end of the century.
The greatest changes are projected to occur in the center of
the Ebro valley. The changes in winter precipitation are ex-
pected to be small and to lack a deﬁned spatial pattern, ex-
hibiting trends with opposite signs in adjacent regions. In
general, the model projects stable or slightly increasing pre-
cipitationinthewesternPyreneesandmostoftheEbrobasin,
and a slight decrease in precipitation in the eastern Pyrenees
and broad sectors of the Iberian mountains.
Fig. 9. Projected changes in precipitation under the HIRHAM5
model (A1B emission scenario) for the time slices 2021–2050 and
2051–2080 compared with the 1960–1990 period.
5 Discussion
This study provides evidence that runoff has declined in most
of the Ebro basin since the second half of the 20th century.
In this context the hydrological role of the mountains, in par-
ticular the Pyrenees, is increased. Thus, runoff generation
in the Pyrenees is decreasing, but the pressure on its water
resources has increased as its contribution to the Ebro River
has gained in importance in recent decades.
Presented results for individual sub-basins must be inter-
preted with caution since cumulative and interactive effects
may difﬁcult the understanding of the hydrological changes
in a particular area. For example, upstream runoff accumu-
lated over geographic space within a sub-basin will affect on
downstream ﬂows. Land use and climate change variables
also interact to create combined effects on ﬂow regimes.
However the high number of analyzed sub-basins, many of
them located in headwater sectors permits to obtain conclu-
sions that can be generalized for the whole basin. Thus,
the occurrence of signiﬁcant and positive trends in temper-
ature was conﬁrmed; however, the capacity of this variable
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to explain temporal evolution of river discharges is very lim-
ited. For precipitation, trends show negative coefﬁcients, but
they were generally not signiﬁcant. Moreover, the existence
of lags between climatic conditions and the runoff response
may difﬁcult a direct comparison of seasonal climatic and
hydrological trends in some medium and large river basins.
Nonetheless, it is necessary to consider the consistency of the
results in most of the analyzed sub-basins, independently of
their surface, physical characteristics and water management
regime; and also the agreement in the results when the an-
nual series are considered, which are practically unaffected
by lags since there is no evidence of times of response as
long as one year in the study area or similar neighbouring
basins (Vicente-Serrano and L´ opez-Moreno, 2006; Lorenzo,
2010). Thus, we can conﬁrm that climate alone does not ex-
plain the magnitude of the decrease in river discharges. The
likely explanations are: (i) an increase in water consumption
by urban areas, agriculture, industry and tourism in recent
decades; and (ii) an increase in water consumption by natural
vegetation, which has expanded in areas where grazing and
traditional agriculture have disappeared. Given that most of
the runoff is derived from the mountainous river headwaters,
which are practically unregulated, revegetation appears to be
the most plausible explanation for the magnitude and spatial
dimension of the hydrological changes that have occurred.
The effect of vegetation on runoff generation is not fully un-
derstood, as it changes markedly among sites in response
to the speciﬁc climatic conditions, vegetation type and the
structure of the landscape (Andr´ eassian, 2004; Cosandey et
al., 2005). However, it is generally accepted that afforesta-
tion causes a decrease in runoff generation and an attenuated
response to rainstorm events (Ranzi et al., 2002; Beguer´ ıa
et al., 2003; Gallart and Llorens, 2003; Andr´ eassian, 2004),
which is directly attributable to changes in evapotranspira-
tion and inﬁltration rates (Calder, 1992; Fohrer et al., 2001).
In addition to changes in the annual amount of water,
marked changes were detected in the seasonality of river
ﬂows. The reported decrease in snow accumulation during
winter and spring in the Pyrenees (L´ opez-Moreno, 2005) ap-
parently inﬂuenced the results presented here. In view of
the climate evolution during winter (Figs. 2 and 3), the sta-
ble or upward evolution of river discharges in headwaters
in the north of the basin (the Pyrenean area) may be asso-
ciated with the increased temperature recorded in that area,
which could negatively affect the ratio of snowfall to rainfall
and result in less water being stored during winter (L´ opez-
Moreno, 2005). Spring had amongst the largest decreases in
river ﬂows and runoff coefﬁcients, which is consistent with
less ﬂow from snowmelt. A similar shift in the seasonal
distribution of water resources has been detected in many
mountainous areas where snow cover has declined in recent
decades (Barnett et al., 2005; Birsan, 2005). However, it is
noteworthy that in areas where the density of vegetation is
increasing, the greatest evapotranspiration demand occurs in
spring and summer, which may exacerbate the hydrological
changes associated with changes in snow cover. Decreases
in runoff coefﬁcients also affect numerous sub-basins where
snow plays a secondary role, which suggests an increase in
actual evapotranspiration. The evolution of discharges dur-
ing summer differed from the annual pattern and the climate
evolution. Thus, in many sub-basins a marked decrease in
runoff was detected, but several gauging stations in the east
of the basin, the lower reaches of the Pyrenean tributaries and
the main stream of the Ebro River did not show a signiﬁcant
changes. Such contrasting evolutions may be associated with
dam regulation designed to maintain ecological discharges,
even in areas were precipitation has decreased and tempera-
tures have markedly increased (L´ opez-Moreno et al., 2004;
L´ opez-Moreno and Garc´ ıa-Ruiz, 2007).
The prospects for the future are quite uncertain, as the cli-
mate scenarios point to a reduced capacity for runoff gener-
ation as a consequence of increased temperature (which af-
fects evaporation rates) and less precipitation. According to
the results, temperature has not played a major role in the hy-
drological evolution of the basin. However, the strong warm-
ing conditions projected for the region can cause an increas-
ing inﬂuence of temperature in a next future, as it has been
already detected in other Mediterranean basins (Lespinas et
al., 2010). Moreover, revegetation is far to conclude. Large
areas covered by shrub are prone to evolve toward forest, and
abandonment of grazing in the subalpine belt, together with
warmer conditions, may result in the tree line shifting to a
higher altitude and a major duration of the vegetative period
(Cheddadi et al., 2001, Gaucherel et al., 2008).
The ﬁndings for this region reinforce the need (noted dur-
ing the G¨ oschenen workshop and in this special issue) to in-
crease our understanding of changes occurring in mountain
hydrology. Research on environmental change and hydro-
logical functioning conducted in the Pyrenees over several
decades has advanced knowledge of hydrological changes at
various spatial scales, including in experimental plots, exper-
imental catchments, and at the basin scale (Beguer´ ıa et al.,
2003; Lasanta et al., 2006; Garc´ ıa-Ruiz et al., 2008). How-
ever, there are many components of the hydrological system
that remain poorly understood as a consequence of the lack
of hydrometeorological data (especially in the high mountain
belt) and the difﬁculties associated with estimating actual
evapotranspiration, snow water equivalents and groundwater
recharge at a basin scale. We concur with the view expressed
in the introductory article to this special issue (Viviroli et al.,
2010), that there is also a lack of basic information neces-
sary to conduct appropriate hydrological modeling of factors
including soil depth, and to reconstruct the land cover evolu-
tion during the 20th century.
Management of the Ebro River to meet increasing demand
in the very likely scenario of decreasing water availability
will be difﬁcult. The large storage capacity in the basin and
a complex system of hydraulic infrastructure have so far en-
abled water supply to be maintained or increased, even dur-
ing dry years. Only under severe drought conditions has
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the imposition of water restrictions been necessary. How-
ever, previous research has demonstrated that adjustments to
reservoir management will not remain a solution for much
longer, as the outﬂows from dams have already been reduced
to the minimum ecological levels in most of the big reser-
voirs (L´ opez-Moreno et al., 2004, 2008). The creation of
new reservoirs does not appear to be a solution as the ex-
isting dams already occupy the most appropriate locations,
and the ﬂooding of valleys, especially if it involves popula-
tiondisplacement, isﬁrmlyopposedbythebroadcommunity
(Iba˜ nez-Prat, 2003). In this context, water managers must
seek to optimize the available water resources and improve
the dam management schemes, many of which were de-
signed under hydrological conditions very different from the
current ones. Towards this goal, the implementation in 1996
of a real-time hydrologic information system at the basin
scale (SAIH: http://195.55.247.237/saihebro/index.php) rep-
resented a signiﬁcant advance in optimizing management
capacity under extreme hydrological events (droughts and
ﬂoods). A combination of this system with reliable seasonal
climatic forecasts could be crucial in improving the manage-
ment of hydraulic infrastructure. In recent years substantial
effort has been devoted to the accurate prediction of sea-
sonal climate and river ﬂows using numerical models and
statistical approaches, and signiﬁcant advances have been
achieved (Rodwell and Doblas-Reyes, 2006; Gamiz-Fortis
et al., 2008). However, the predictions are still associated
with a high degree of uncertainty, which hinders their full
application in management.
Politicians also have an important role to play in support-
ing the work of scientists and managers, by promoting re-
duced water consumption and strengthening the legal and in-
stitutional frameworks related to water management. They
must realize that obvious water-related problems are very
likely to occur in the basin, and appreciate the effect that
human activity in the region has on water resources avail-
ability. Changing water resources and demand will require
investment in improved management, water economy and
water recycling policies. Maintenance and improvement of
climate, hydrology and land cover monitoring networks is
necessary to enable adjustment of water management strate-
gies and water demand to the temporal variability of water
resources. An increase in periods of water scarcity in the
Ebro basin could result in conﬂicts among different water
uses, territories and administrations responsible for control
and use of the available water. Strong institutional frame-
works will be necessary to coordinate socially, economically
and environmentally sustainable water management.
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